Introduction
The extraordinary diversity of nerve cells was already recognized over a century ago (Ramó n y Cajal, 1911) . It is now widely accepted that within most brain regions, the glutamatergic principal cells are rather homogeneous, whereas the GABAergic nonprincipal cells, or interneurons (INs), form a much more diverse population (Freund and Buzsáki, 1996; Kosaka et al., 1998; Somogyi et al., 1998; McBain and Fisahn, 2001; Markram et al., 2004) . Traditionally, the classification of IN types has relied primarily on their axonal and dendritic morphologies. However, recently their intrinsic electrical properties, gene expression profiles and firing behavior in relation to ongoing network activity have all been taken into account. Such combined molecular, morphological and physiological approaches have provided compelling evidence for the astonishing diversity of INs and for the variety of roles they play in neuronal networks. The classical view regarding the connectivity of INs has been that they primarily innervate the principal cells, and to a smaller extent each other. However, additional populations of hippocampal and neocortical INs have been revealed (Acsády et al., 1996; Gulyás et al., 1996 Gulyás et al., , 2003 Meskenaite, 1997) that are specialized to selectively control the activity of other GABAergic INs, and the presence of such cells has also been suggested to occur in the main olfactory bulb (MOB) (Mugnaini et al., 1984; Gracia-Llanes et al., 2003) .
In the MOB, information from olfactory sensory neurons is relayed to higher olfactory areas by glutamatergic principal cells, the mitral and tufted (M/T) cells (Shepherd et al., 2004) . Primary olfactory axons synapse on the apical tufts of M/T cells in spherical neuropil regions called glomeruli. The principal cells are under the control of several GABAergic IN types. In the glomerular layer (GL), the highly diverse periglomerular cells (PGCs) exert their GABAergic influence on the apical tufts of M/T cells (Kosaka et al., 2001; Shepherd et al., 2004) . In the external plexiform layer (EPL), axonless granule cells (GCs) establish reciprocal dendrodendritic synapses onto the lateral dendrites of M/T cells (Hirata, 1964; Jahr and Nicoll, 1980; Chen et al., 2000; Shepherd et al., 2004) . As in many other brain regions, these GABAergic PGCs and GCs also receive GABAergic inputs (Price and Powell, 1970b; Pinching and Powell, 1971a; Puopolo and Belluzzi, 1998; Nusser et al., 1999; Smith and Jahr, 2002; Murphy et al., 2005; Pressler and Strowbridge, 2006) , but their source is mostly unknown. A recent report (Pressler and Strowbridge, 2006) demonstrated that GCs receive GABA A receptor (GABA A R)-mediated inhibition from a subpopulation of inframitral short-axon cells (SACs), called Blanes cells, but it remains to be seen whether other cell types also contribute to the GABAergic control of GCs. Short-axon cells form another, rather diverse GABAergic IN population distinct from the numerically dominant GCs and PGCs (Ramó n y Cajal, 1911; Price and Powell, 1970a; Schneider and Macrides, 1978; Mugnaini et al., 1984) . Inframitral SACs are referred to as deep short-axon cells (dSACs) and have been subdivided into four groups based on their somatic and dendritic morphologies (Ramó n y Cajal, 1911; Schneider and Macrides, 1978) . However, very little is known about their axonal arborizations, their intrinsic electrical properties, their synaptic inputs, and their postsynaptic targets. Here, we aimed to provide a functional, molecular, and morphological characterization of dSACs to reveal their place in the olfactory bulb network. Our results demonstrate several new aspects of the diversity of dSACs, revealing three dSAC subtypes, each of which is specialized to regulate network activity through the selective control of other GABAergic INs. Furthermore, we provide direct evidence that a subpopulation of dSACs provide a novel GABAergic projection to higher olfactory areas.
Materials and Methods
In vivo injection of fluorescent microspheres. Male Wistar rats (n ϭ 11 rats; 28 -42 d old) were anesthetized with 2 ml/kg of a 1:1 mixture of ketamine and xylazine and were mounted in a stereotaxic apparatus. Solutions of 40-nm-diameter fluorescent latex microspheres (as supplied by Invitrogen) were pressure injected (100 -300 nl) into the anterior olfactory nucleus, the olfactory tubercle, and the piriform cortex. After the surgery (3-14 d), acute horizontal slices from the MOB were prepared as described below.
Acute slice preparation and electrophysiological recordings. Acute horizontal slices from the MOB of male Wistar rats (20 -49 d old) were prepared with a standard procedure, as described previously (Antal et al., 2006) , in accordance with the ethical guidelines of the Institute of Experimental Medicine Protection of Research Subjects committee.
Somatic cell-attached and whole-cell recordings were performed at 31.5-34°C using an infrared differential interference contrast or an oblique illumination technique on an Olympus BX50WI microscope with a 40ϫ water-immersion objective. Recordings were performed from visually identified cells with a somatic diameter of Ͼ10 m located in the inframitral layers. For current-clamp experiments, a potassium gluconate-based intracellular solution was used [containing (in mM) 120 K-gluconate, 5 KCl, 2 MgCl 2 , 0.05 EGTA, 10 HEPES, 2 Mg-ATP, 0.4 Mg-GTP, 10 creatinine phosphate, and 8 biocytin, pH 7.33, osmolarity 270 -290 mOsm]. After establishing the whole-cell configuration, if needed, hyperpolarizing or depolarizing DC current injections were applied to maintain cells at membrane potentials just below firing threshold. Trains of action potentials were then evoked by injecting 1-s-long depolarizing current pulses of 100 pA in amplitude. The passive membrane properties were derived from single exponentials fitted to traces of membrane voltage responses to small amplitude (5-20 pA, 400 ms) hyperpolarizing and depolarizing current injections. The same intracellular solution was used for recording the presynaptic dSACs during paired recordings in which 3-5 ms 2.5-4.0 nA currents were injected to evoke a single spike, which was repeated at either 25 or 50 Hz to evoke pairs of action potentials. To isolate AMPA receptor-mediated EPSCs, cells were voltage-clamped at Ϫ70 mV in the presence of 20 M 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide (SR95531) and 50 M AP-5 in the bath solution. To examine spontaneous and action-potential-evoked inhibitory postsynaptic responses, a mixed potassium gluconate and potassium chloride internal solution was used [containing (in mM) 
in the bath solution (Tocris Bioscience). Miniature synaptic events were recorded in the presence of 1 M tetrodotoxin (TTX; Alomone Labs) to block voltage-gated sodium channels. For paired recordings, postsynaptic GCs were recorded with the same intracellular solution and were voltage-clamped at Ϫ80 mV, but CNQX and AP5 were not included in the extracellular solution.
The following criteria were used to ensure the time independence of our data during the recordings. The access resistance (R a ) was subject to 75% compensation, and was continuously monitored. If R a changed Ͼ15% during the recording, the cell was discarded from the analysis. All recordings were rejected if the R a became Ͼ15 M⍀.
Recordings were performed with a MultiClamp 700A amplifier (Molecular Devices). Patch pipettes of 3-5 M⍀ were pulled (Zeitz Universal Puller) from thick-walled borosilicate glass capillaries with an inner filament (1.5 mm outer diameter, 0.86 mm inner diameter; Sutter Instrument). Data were digitized on-line at 20 kHz and analyzed with EVAN 1.3 (Nusser et al., 2001a) and with an in-house analysis software (SPIN 1.0.1.) written in Matlab (Matlab 7.0; MathWorks). All chemicals, drugs, and reagents were purchased from Sigma unless stated otherwise.
Visualization of the recorded cells. After recordings, slices were placed in a fixative containing 4% paraformaldehyde, 1.25% glutaraldehyde and 15% v/v picric acid in 0.1 M phosphate buffer (PB; pH 7.4) at 4°C for at least 24 h. Before processing, the fixative was thoroughly washed out with 0.1 M PB. Slices were then cryoprotected in 10 and 20% sucrose solutions (in 0.1 M PB) for 45 min followed by freezing in liquid nitrogen and thawing in PB. After several washes in PB, slices were embedded in gelatin and resectioned at 60 m thickness. Biocytin was visualized using avidin-biotin-horseradish peroxidase complex overnight (ABC; Vector Laboratories) followed by a reaction with 3Ј3-diaminobenzidine tetrahydrochloride (DAB; 0.05% solution in Tris buffer, pH 7.4) as chromogen and 0.01% H 2 O 2 as oxidant for 12 min. Sections were then postfixed in 1% OsO 4 for 20 min, stained in 1% uranyl acetate for 25 min, dehydrated in a graded series of ethanol, and embedded in epoxy resin (Durcupan) . This protocol extensively labeled the filled cell processes and masked epitopes for postembedding immunolabeling (see below), so in a number of slices an alternative method was used to visualize the biocytin. After freezing and resectioning, slices were incubated with ABC overnight followed by tyramide for 10 min (1:50 in solvent supplied; biotinylated TSA kit; PerkinElmer). Slices were then blocked in Tris-buffered saline (TBS) with 3% bovine serum albumin (BSA), 0.1% cold water fish skin gelatin (CWFSG; Aurion), and 0.05% azide for 60 min and then incubated with streptavidin-conjugated 1 nm gold particles (1:50; Aurion) in TBS with 0.8% BSA, 0.1% CWFSG and 0.05% azide overnight. Sections were then treated with 2% glutaraldehyde in TBS for 10 min, followed by silver enhancement (Aurion SE-LM kit) for 30 min at 25°C. Slices were then postfixed in 0.5% OsO 4 at 4°C for 15 min, stained in 1% uranyl acetate for 25 min, and dehydrated and embedded in Durcupan as above. For the retrogradely labeled cells, before the ABC-DAB reaction, the biocytin was visualized with Alexa 488 or cyanine 5 (Cy5) conjugated to streptavidin, and the colocalization of biocytin and the fluorescent microspheres was confirmed using confocal laser-scanning microscopy.
Immunofluorescent microscopy. Slices were fixed after recordings as above except that the glutaraldehyde concentration of the fixative was only 0.05% and the fixative was thoroughly washed out after 3 h. Slices were then cryoprotected, freeze-thawed and re-sectioned as above. Slices were blocked in TBS with 10% normal goat serum (NGS; Vector Laboratories) for 1 h and then incubated overnight with anti-GABA A receptor ␣1 subunit primary antibodies [diluted 1:500; gifts from Profs. J.-M. Fritschy (University of Zurich, Zurich, Switzerland) and W. Sieghart (Brain Research Centre, Vienna, Austria)] in TBST containing 2% NGS (TBS with 2% NGS and 0.05% Triton X-100). Sections were then washed and incubated in a mixture of either streptavidin conjugated to Alexa 488 and goat anti-rabbit IgG conjugated to Cy3 or streptavidin conjugated to Cy5 and goat anti-rabbit IgG conjugated to Alexa 488 (all diluted 1:500 in 2% NGS TBST; Alexa dyes were from Invitrogen; Cy dyes were from Jackson ImmunoResearch) for 2 h. Slices were then washed in TBS, mounted, and viewed using an Olympus BX62 microscope equipped with appropriate fluorescence filters and a DP30BW CCD camera or an Olympus FV1000 confocal microscope. Biocytin was subsequently visualized with the ABC-DAB method and the slices were similarly dehydrated and embedded in Durcupan as above.
Three-dimensional reconstructions. Labeled cells were identified as dSACs from their size, the location of their somata, and their dendritic morphology. Neurons with no obvious truncations in their dendrites and axons were fully reconstructed with the Neurolucida system (MicroBrightField) attached to a Zeiss Axioscope 2 microscope using a 100ϫ oil-immersion objective, and were subjected to morphometric measurements.
Electron microscopy and postembedding immunolabeling. Portions of recorded cells were re-embedded and serial sections were cut at 60 nm thickness using an ultramicrotome (Ultracut; Leica Microsystems). Sections were collected alternately onto copper and nickel pioloform-coated slot grids. Sections on nickel slot grids were subjected to postembedding immunoreactions for GABA, modified from those used by Somogyi and Hodgson (1985) . Briefly, slot grids were treated with 1% periodic acid for 8 min, followed by blocking with 50 mM glycine in 0.081% NaCl TB (TBLS) for 10 min and 1.5% BSA in TBLS for 30 min. This was followed by incubation in primary rabbit-anti-GABA antibodies (GABA9; diluted in 1:500; gift from Prof. P. Somogyi, Medical Research Council, Oxford, UK) in TBLS containing 1.5% BSA for 90 min. The reaction was visualized with 10 nm gold-conjugated goat anti-rabbit secondary antibodies (British Biocell International; diluted 1:50 in TB with 1% BSA and 0.5% Tween 20). Sections were contrasted with uranyl acetate and lead citrate and viewed using a JEOL1011 electron microscope. Digital images were captured with a cooled CCD camera (Cantega; Soft Imaging System). Ultrastructurally identified M/T cell apical and lateral dendrites were consistently immunonegative, verifying the specificity of our anti-GABA immunoreactions.
Statistical procedures. All data are expressed as mean Ϯ SD throughout this manuscript. The data were subject to the Shapiro-Wilk normality test, and the Levene and Brown-Forsythe or Hartley F max tests for homogeneity of variances. The t test for dependent samples or the Wilcoxon matched-pairs test were used to compare averaged spontaneous and miniature synaptic events within subtypes. At the individual-cell level, comparisons were performed using a nonparametric KolmogorovSmirnov test. Either parametric ANOVA or nonparametric KruskalWallis ANOVA was used to compare data between dSAC subtypes, depending on whether the distribution was normal or not. Where appropriate, data were further assessed by conducting a post hoc test (Tukey's unequal n honestly significant difference test or multiple comparisons of mean ranks, respectively). All differences were considered significant if p Ͻ 0.05. Morphological data were subjected to principal components analysis (PCA). The first four factors had eigenvalues Ͼ1 and were then used for agglomerative clustering of Euclidean distances using Ward's method. The gap statistic method (Tibshirani et al., 2001) was used to determine the number of clusters. All analyses (including analysis of parameter correlations, PCA, and unsupervised clustering) were performed using the Statistica software (version 6; StatSoft). The gap statistic calculation was implemented as a macro within the Statistica software.
Results

Morphological diversity of deep short-axon cells
Patch pipette recordings were performed from the somata of 158 neurons located below the mitral cell layer (MCL) in acute MOB slices obtained from postnatal day 20 (P20)-P41 rats. Cells with a somatic diameter of Ͼ10 m were randomly selected in the internal plexiform (IPL) and granule cell (GCL) layers and were recorded first in cell-attached, and then in whole-cell configurations. After electrophysiological recordings, the slices were fixed and the biocytin-filled cells were subjected to neurochemical and morphological characterizations.
All of the recorded cells exhibited dendritic and axonal morphologies distinct from both M/T and GCs. The location and shape of the somata and the dendritic arbors of these cells were heterogeneous, and examples of all categories of dSACs described previously were observed. Large spiny Blanes cells (73 of 158) were the most frequent cell morphology encountered, whereas sparsely spiny large Golgi cells (28 of 158), medium-sized horizontal cells (42 of 158), and smaller Cajal cells (15 of 158) were less common. Because of the advantages offered by intracellular labeling techniques compared with Golgi impregnations, we were able to recover extensive axonal trees of the recorded cells. Many dSACs had a very extensive axonal arbor, ramifying in distinct layers of the MOB (Fig. 1) . A substantial number of cells projected their axons across the EPL and ramified broadly in the GL. The majority of these branches encircled many glomeruli, and only a few collaterals were found in the EPL and GCL ( Fig.  1 A, B) . Their somata were elongated parallel to the MCL, and were often located in the IPL (32 of 51 cells). Their dendrites were either sparsely (30 of 51 cells) or densely (8 of 51 cells) spiny and predominantly confined to the IPL, corresponding to horizontal cells. The remaining cells (13 of 51) had an overall appearance of Golgi cells. In contrast, many other dSACs had axonal ramifications predominantly within the EPL, with some collaterals in the IPL and superficial GCL ( . To exclude the possibility that the lack of axons in the superficial layers was the consequence of truncation during slice preparation, we discarded all such cells from our analysis. The somata of these cells were often located in the GCL (13 of 28 cells) and their dendrites were usually sparsely spiny (25 of 28 cells), having an overall appearance of horizontal or Golgi cells. Thus, our analysis of the somatodendritic morphologies was in agreement with the classical Golgi studies, but when the axonal arborizations were also considered, a more complex picture emerged. To assess whether dSACs can be objectively divided into well-defined subpopulations based on both their axonal and dendritic morphologies, we reconstructed a subpopulation of these cells in three dimensions and subjected them to morphometric measurements. After principal components analysis, agglomerative clustering (see Materials and Methods) suggested three main subpopulations (Fig. 1G ), which was confirmed using the gap statistic method (Tibshirani et al., 2001) . Based on the predominant axonal arborizations of the subpopulations in different layers, they were termed as GL-, EPL-, and GCL-dSACs ( Fig. 1) . Our results also demonstrate that many morphological parameters (e.g., dendritic fractal index, axonal segment length, furthest axonal Sholl intercept) (Table 1) significantly differed among the subtypes.
GCL-dSACs project to higher olfactory areas
When the local axon collaterals of distinct dSAC subtypes were analyzed, we noticed that a branch of the main axon of GCLdSACs often entered the white matter and projected caudally in the lateral olfactory tract, suggesting that GCL-dSACs might form an extrabulbar projection (Kosaka and Kosaka, 2007) . To address this issue directly, we injected fluorescent microspheres into many higher order olfactory areas, including the anterior olfactory nucleus (AON), the olfactory tubercle (Fig. 2) , the piriform cortex (PCtx), and the deep endopiriform nucleus. Three to 14 d after surgery, in vitro slices were cut from the MOB and fluorescently labeled cells with inframitral somatic locations were recorded. After the characterization of their active and passive electrical properties and their synaptic inputs (see below), the presence of microspheres in the biocytin-filled cells was verified (Fig. 2 B 1 -B 3 ), followed by full morphological reconstructions. Figure 2 A shows the reconstruction of a dSAC with projection to the olfactory tubercle (Fig. 2C) . The soma was located in the GCL, had horizontally oriented dendrites, and the local axon collaterals were also restricted to the inframitral layers. Qualitatively very similar axonal and dendritic arborizations were found in all 17 cells in which sufficient axons and dendrites were recovered after in vitro electrophysiological characterization (n ϭ 42 cells). The axodendritic morphologies of these retrogradely labeled cells (Fig. 2 A) were indistinguishable from the randomly recorded and filled GCL-dSACs, but it remains to be seen whether all GCL-dSACs project outside the MOB.
Molecular differences between dSACs
We then addressed whether molecular differences also exist among dSAC subtypes. Previous immunolabeling studies have indicated that neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), calbindin (CB), and nitric oxide synthase (NOS) are neurochemical markers for dSACs in the inframitral layers. However, because these markers labeled very few cells (e.g., VIP and CB Ͻ4% of all dSACs) (Eyre and Nusser, unpublished observation), we found none of them to be a good candidate as a selective marker of a particular dSAC subtype. In contrast, the GABA A R ␣1 subunit selectively labels the somatodendritic domain of a large population of nongranule cells in the inframitral layers of the MOB (supplemental Fig. 1 A, available at www. jneurosci.org as supplemental material), making it a potential subtype-selective marker. As illustrated in supplemental Figure  1 A (available at www.jneurosci.org as supplemental material), only dSACs are immunopositive for this subunit in the GCL; the strong labeling of the EPL originates from M/T cells. A subset of the in vitro recorded cells (n ϭ 50) was processed for immunolabeling for the GABA A R ␣1 subunit in conjunction with fluorescent visualization of the biocytin. All EPL-dSACs (n ϭ 30 cells) were intensely labeled for the ␣1 subunit (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). Eleven of 15 GL-dSACs were found to be moderately labeled (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material), whereas two were strongly labeled and two appeared to be immunonegative. Finally, the majority (4 of 5 cells) of GCLdSACs were apparently immunonegative (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material); only a single cell showed very weak immunoreactivity. These results clearly demonstrate that molecular differences exist, but future experiments will be needed to identify other dSAC subtypeselective molecular markers.
Deep short-axon cells show distinct intrinsic electrical properties
Given the morphological and molecular heterogeneity of dSACs, we also aimed to reveal potential subtype-specific differences in the electrical properties of the cells. Cell-attached recording before the establishment of the whole-cell configuration demonstrated differences in the spontaneous spiking activity of dSACs in acute in vitro slices. Both GL-and GCL-dSACs were found to be spontaneously active, whereas 27 of 28 EPL-dSACs were silent . The somatic location of GCL-dSACs varies throughout the IPL and GCL down to the GCL white matter border. C, Inset, The firing properties of the reconstructed cell. E, F, The largest proportion of dSACs have an axonal arbor predominantly located in the external plexiform layer (EPL-dSAC; E, MA340; F, MA349) with some local collaterals in the IPL and GCL. These cells mainly possess vertically oriented dendritic trees. F, Inset, Voltage response of the EPL-dSAC to 1-s-long depolarizing (100 pA) current injection. Red, Axons; blue, dendrites. Colorcoded contours represent boundaries between layers: dark gray, olfactory nerve layer-GL; blue, GL-EPL; green, EPL-MCL; red, MCL-IPL; orange, IPL-GCL; light gray, GCL-white matter. Scale bars: for arborizations, 50 m along each axis. Calibration: for spike trains, 10 mV, 200 ms. G, Joining tree of agglomerative clustering using the first four principal component factor scores for each cell. Individual cells are illustrated on the y-axis (labels are color-coded by identified subtype), and the x-axis shows the percentage of the maximum Euclidean distance between any two cells. The gap statistic method suggested that the smallest number of clusters was three. The vertex ratio is a measure of the branching pattern of the dendrites; the furthest Sholl intercept is the radius of the largest virtual sphere centered on the soma that is still intercepted by the dendrite or the axon; and the fractal index is a measure of the space-filling nature of the object. ns, Not significant; WM, white matter. *p Ͻ 0.05, **p Ͻ 0.01 (significant differences for parametric ANOVA), and ‡ p Ͻ 0.05, ‡ ‡ p Ͻ 0.01 (for Kruskal-Wallis nonparametric ANOVA tests); #, † p Ͻ 0.05 (significant differences between the indicated pairs after pos hoc tests). ( Table 2 ). In whole-cell recordings, dSACs exhibited a variety of action potential firing patterns in response to 1-s-long 100 pA depolarizing current injections (Fig. 1, insets) . Quantitative analysis of a large number of parameters derived from the spike trains, individual spikes, and the passive electrical properties of the cells revealed significant dSAC subtype-specific differences and prominent within-subtype heterogeneity for many parameters (Table 2) .
Excitatory and inhibitory inputs onto deep short-axon cells
To gain insights into the potential role of a neuron in a network, not only the morphological, molecular, and intrinsic electrical properties should be deciphered, but the synaptic connectivity must be determined as well. To investigate the synaptic inputs of dSACs, we performed in vitro voltage-clamp recordings of spontaneous EPSCs and IPSCs before and during the application of 1 M TTX. Potential sources of glutamatergic excitation are either the local M/T cells or centrifugal inputs from the AON and PCtx (Shepherd et al., 2004) . We argued that if TTX reduces the frequency of sEPSCs, then the cells providing the excitatory inputs must be present in the slice and should be spontaneously active. Figure 3A shows representative recordings of AMPA receptormediated sEPSCs in the presence of GABA A and NMDA receptor antagonists for each dSAC subtype. Tetrodotoxin dramatically reduced the frequency and amplitude of sEPSCs in a GL-and an EPL-dSAC, and less dramatically in a GCL-dSAC (Fig. 3 A, B) . When examined at the population level, a significant decrease in EPSC frequency was detected in all subtypes without any change in the kinetics of the responses (Fig. 3C) . The amplitude of sEPSCs was significantly reduced in GL-and EPL-, but not in GCLdSACs. We also noted the prevalence of bursts of sEPSCs in control conditions, which disappeared after TTX application, indicating that the sources of these synaptic currents are likely to be bursting external tufted (Hayar et al., 2004; Antal et al., 2006) or some mitral cells (Carlson et al., 2000) . The amplitude, rise and decay kinetics showed no significant differences among the subtypes (Fig. 3 B, C) . The extremely rapid rise of the mEPSCs [10 -90% rise time (RT), 230 -300 s] suggests that neither asynchronous release nor dendritic filtering is severe in these cells. In addition, the identical decay time constants (weighted decay time constant w ϭ 1.4 ms for all subtypes) (Fig. 3C ) indicate similar postsynaptic AMPA receptors and synaptic glutamate concentration waveforms. In summary, dSACs receive some of their AMPA receptor-mediated excitatory input from spontaneously active M/T cells. In agreement with this, electron microscopic (EM) analysis revealed that the presynaptic elements establishing asymmetrical synapses on dSACs were axon terminals (data not shown). Next, the inhibitory inputs of dSAC subtypes were examined by recording sIPSCs using high-Cl Ϫ -containing intracellular solutions in the presence of the glutamate receptor antagonists CNQX and AP-5. The average frequency of sIPSCs ranged from 3.4 -7.1 Hz under control conditions, which was significantly reduced after the application of TTX in all dSAC subtypes (Fig.  4) . Application of TTX did not change the amplitudes of sIPSCs significantly, suggesting a low quantal content (ϳ1) in all dSACs. Comparisons between dSAC subtypes showed no statistically significant differences in mIPSC amplitudes or kinetics (Fig. 4C) . The fast rise times of mIPSCs (10 -90% rise time, 280 -330 s) also indicate the lack of both severe dendritic filtering and robust asynchronous release. The comparable mean decay time constants ( w ϭ 2.3, 2.6, and 2.9 ms for EPL-, GL-, and GCL-dSACs, respectively) suggest similar postsynaptic GABA A receptor subunit compositions and synaptic GABA concentration waveforms. These data demonstrate that all dSAC subtypes receive some of their fast synaptic inhibition from spontaneously active, local GABAergic interneurons. From our current knowledge of the MOB microcircuit, these could be either GCs or SACs. By using EM analysis, we found that the presynaptic elements of symmetrical synapses onto dSACs were exclusively GABA immunoreactive axon terminals. No evidence of dendrodendritic synapses, either established by or formed onto dSAC subtypes, was observed, suggesting that the majority of the GABAergic inputs of dSACs originate from SACs (data not shown).
The postsynaptic targets of GABAergic dSACs are other GABAergic interneurons
After the identification of the synaptic inputs of dSACs, we performed EM analysis of the postsynaptic targets of biocytin-filled dSAC axon terminals. In addition to the classification of postsynaptic profiles based on ultrastructural features, their neurotransmitter content was also revealed using postembedding immunogold labeling for GABA. Axon terminals of GL-dSACs (n ϭ 3 cells) ramifying in the juxtaglomerular space established symmetrical synapses onto small-diameter somata (5 synapses), and large-(22 synapses) and small-diameter (17 synapses) dendrites, which all showed ultrastructural features of PGCs (Fig. 5 A, B) and were immunopositive for GABA (Figs. 5B, 6A 1 , A 2 ). Because PGCs form a very diverse cell population, we asked whether GLdSAC axons selectively innervate a single subpopulation or indiscriminately synapse on all cell types. Using fluorescent immunolabeling for tyrosine hydroxylase and CB, and visualizing biocytin in the intracellularly filled axons, we found that at least these two neurochemically defined PGC subpopulations are among the postsynaptic targets of GL-dSACs. In addition, axon collaterals of one GL-dSAC ramifying in the EPL (n ϭ 10 synapses) and a different one with collaterals in the GCL (n ϭ 4 synapses) were found to synapse exclusively on GC dendrites. Next, the postsynaptic targets of EPL-dSAC (n ϭ 4 cells) axons were examined in the EPL, in which 38 of 43 synapses were formed onto GC dendritic shafts and the remaining five synapses established contacts onto GC gemmules (Fig. 5C,D) . The ultrastructural identification of these targets was assisted by the presence of reciprocal dendrodendritic synapses with M/T cells and their GABA immunoreactivity (Figs. 5C, 6B 1 ,B 2 ). In the GCL, 38 axon terminals from three EPL-dSACs were also examined and 37 formed synapses onto GC dendrites. The only exception was a synapse onto the perisomatic region of a horizontally elongated soma in the IPL, which was strongly GABA immunopositive and was considered to be a dSAC. Finally, the axons of two GCL-dSACs were examined in the GCL. Of the 13 synapses analyzed, 11 contacted GC proximal dendrites and 2 contacted GC somata (Fig. 5 E, F ) .
No evidence of synaptic contacts onto M/T cells was observed for any dSAC subtype in any layer. Visualization of intracellular biocytin at the EM level with a DAB reaction results in an electron-dense precipitate throughout the cytoplasm (Fig. 5) , preventing the access of primary antibodies to the aldehyde-fixed neurotransmitter molecules. To overcome this technical drawback, we visualized the intracellular biocytin with silver-enhanced ultrasmall gold particles (Fig. 6 ). This technique not only allowed three-dimensional light-microscopic reconstruction of the cells and unequivocal identification of the filled processes at the EM level, but the visualization of GABA in the filled profiles was also possible. For each dSAC subtype, all examined terminals were immunopositive for GABA, as were their postsynaptic target cells (Fig. 6 ).
Functional characterization of the synaptic outputs of dSACs
Our ultrastructural data suggest that dSACs are GABAergic and that they provide synaptic inputs to local GABAergic interneurons. To functionally characterize the output of dSACs, we performed paired whole-cell recordings from presynaptic dSACs and postsynaptic GCs. In seven pairs, action potentials in the presynaptic dSACs induced short-latency, fast-rising, exponentially decaying inward currents in the postsynaptic GCs (Fig. 7,  supplemental Fig. 2 , available at www.jneurosci.org as supple- . These results offer functional evidence for our EM predictions that GABAergic interneurons are the postsynaptic targets of dSACs. The specific GABA A R antagonist SR95531 completely and reversibly blocked uIPSCs in all of the six pairs tested (Fig.  7B) , functionally validating our immunohistochemical results that dSACs are GABAergic. The amplitude of the uIPSCs showed large within-cell (CV, 1.5 Ϯ 0.8; n ϭ 7) and between-cell (CV, 1.7) variability. Unitary IPSCs with small amplitudes had slow RTs, indicating severe dendritic filtering and distal dendritic locations of the synapses on the postsynaptic GC. When examining the kinetics of uIPSCs, we restricted our analysis to uIPSCs with 10 -90% RT Ͻ0.55 ms. For the four pairs meeting this criterion, the 10 -90% RT was 0.42 Ϯ 0.1 ms and the weighted decay time was 6.6 Ϯ 1.6 ms, which is 2.5-fold slower than that of mIPSCs recorded from dSACs (2.6 Ϯ 0.6 ms) (Fig. 4C) . In two pairs, 1 M zolpidem, a benzodiazepine site agonist, prolonged the decay of uIPSCs. Next, we investigated the short-term plasticity of the postsynaptic responses. Two action potentials in the presynaptic dSACs were evoked at 50 or 25 Hz, and their effects on uIPSC amplitudes were analyzed. The short-term plasticity showed large variability; some responses showed depression (Fig. 7B) , some facilitation, and in one pair no plasticity was observed (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). In this pair, however, changing the [Ca 2ϩ ] e revealed short-term facilitation and depression, and demonstrated that the plasticity depends on the initial release probability (P r ). Changing the [Ca 2ϩ ] e from 1 to 3 mM resulted in a ninefold increase in the success rate (from 0.05 to 0.45), but did not affect the mean postsynaptic response amplitude excluding failures (potency at low P r ϭ 50.9 Ϯ 8.6 pA; high P r ϭ 51.3 Ϯ 11.3 pA) (supplemental Fig. 2 A, C , available at www.jneurosci.org as supplemental material), demonstrating the presence of a single functional release site. At this site, the P r at 2 mM [Ca 2ϩ ] e and 2 mM [Mg 2ϩ ] e was 0.25 and the quantal size was 51 pA. The variance in the peak current of the successful events was remarkably small (CV, ϳ0.2), indicating high postsynaptic receptor occupancy.
For post hoc identification of the recorded cells, biocytin was included in the intracellular solutions of both presynaptic and postsynaptic cells. In six of the seven pairs, the presynaptic cell was successfully recovered, yielding five EPL-dSACs and one GCL-dSAC (MA1066, physiology shown in supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). In four cases, the postsynaptic GC was also sufficiently filled for morphological identification. Unfortunately, the postsynaptic GC of the pair shown in supplemental Figure 2 (available at www. jneurosci.org as supplemental material) did not recover, precluding the anatomical determination of the number of synapses between the recorded cells. Figure 7A , however, shows a Neurolucida reconstruction of a presynaptic EPL-dSAC and its postsynaptic GC, and the positions and number of contact sites as determined at the LM level. The four putative synapses are consistent with the impression that this connection is mediated by multiple functional release sites, as implicated from the mean amplitude, its variability, failure rate, and the largest uIPSC recorded from this pair (Fig. 7B) .
Despite our repeated efforts, we could not record GL-dSAC-PGC pairs, which is extremely challenging because of the enormous number of potential PGC targets within the area innervated by a single GL-dSAC. However, to provide a somewhat less direct functional evidence for the deep to superficial GABAergic connection in the MOB, we performed whole-cell recordings from PGCs and evoked IPSCs by extracellular stimulation in the IPL. In the presence of ionotropic glutamate receptor antagonists, extracellular stimulation in the IPL evoked short-latency (1.9 Ϯ 0.5 ms) inward currents of variable amplitudes (49.4 Ϯ 34.4 pA) (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). The presence of glutamate receptor antagonists in the bath, the short and uniform latencies, and the monotonous rise indicate the monosynaptic nature of these IPSCs. The GABA A receptor blocker picrotoxin (20 M) completely and reversibly eliminated the inward currents, providing a functional demonstration of a GABA A receptor-mediated deep to superficial layer connection in the MOB.
Discussion
In the present work, we provide evidence for the existence of three distinct dSAC subtypes in the MOB. Subtype-specific differences were found in their axo-somatodendritic morphologies, expression of the GABA A R ␣1 subunit, intrinsic electrical properties, and their postsynaptic target cells. GL-dSACs establish a novel intrabulbar GABAergic connection from deep to superficial layers, whereas GCL-dSACs directly signal the activity of the bulb to higher olfactory areas. Furthermore, we have also shown that all dSAC subtypes are GABAergic and they selectively inner- in the GL. The GABA-immunopositive bouton (small gold particles in A 2 ) forms a symmetrical synapse (black arrowhead) onto a GABA-immunopositive periglomerular cell dendrite (PGd). The axon terminal (t) that establishes an asymmetric synapse (white arrowhead) on the same dendrite is GABA immunonegative. B 1 , B 2 , Serial sections of a biocytin-filled (large silver particles in B 1 ) EPLdSAC (MA796) in the EPL, which forms a symmetrical synapse (black arrowhead) onto a granule cell dendrite (GCd). Both the presynaptic dSAC bouton and the postsynaptic dendrite contain a large number of gold particles labeling GABA. Note the lack of immunogold particles in the adjacent mitral/tufted cell dendrite (M/Td). C 1 , C 2 , Sequential ultrathin sections of a biocytinfilled (large silver particles in C 1 ) GCL-dSAC (MA799) bouton in the GCL, forming a symmetrical synapse (black arrowhead) onto a granule cell dendrite (GCd). Both the biocytin-filled terminal and the postsynaptic dendrite contain small immunogold particles labeling GABA. The large silver particles are not visible in the sections A 2 , B 2 , and C 2 because they were removed during the immunogold labeling procedure. Scale bars, 250 nm.
vate GABAergic PGCs and GCs. Using paired whole-cell recordings, we demonstrated that EPL-and GCL-dSACs innervate granule cells through the activation of ␣2 and ␥2 subunitcontaining GABA A Rs.
Heterogeneity and classification of dSACs
Early studies using the Golgi impregnation technique noted the morphological heterogeneity of olfactory bulb neurons, including dSACs (Blanes, 1898; Ramó n y Cajal, 1911; Price and Powell, 1970a; Schneider and Macrides, 1978) . Four categories of dSACs were distinguished based on characteristic morphological features such as (1) perpendicular (vertical Cajal cells) or (2) parallel (horizontal cells) dendrites relative to the bulbar lamination, or (3) a nonoriented dendritic arbor (Blanes and Golgi cells) ; and the (1) presence (Blanes cells) or (2) absence (Golgi, vertical Cajal, and horizontal cells) of dendritic spines. Other studies using immunolabeling techniques to visualize dSACs have described additional categories, including deep stellate cells in the monkey (Alonso et al., 1998; Crespo et al., 2001) , pyriform and fusiform dSACs in the hedgehog , and giant cells of the white matter in the rat (Briñó n et al., 1992) , but none have taken the axonal arborization of the cells into account.
We observed dSACs with somatodendritic morphologies reminiscent of all the classical categories. However, we could recover almost the entire axonal arbors of the recorded neurons, leading to the emergence of a much more complex picture. Cells with a similar somatodendritic morphology can possess very different axonal ramification patterns, and cells with a similar axonal arbor can have very different somatodendritic morphologies. For example, we observed both horizontal-like and Golgilike cells that predominantly innervated the GL, and conversely we identified cells with horizontally oriented dendrites that innervated either the GL or only the GCL. Because of this, we avoided the straightforward adaptation of the traditional classification and performed unsupervised cluster analysis of the cells based on both their axonal and dendritic arbors, which indicated the presence of 3 distinct dSAC subtypes. Additional dSAC subpopulations may exist, but our large sample size (ϳ160 dSACs) indicates that they should comprise a very small fraction of all dSACs. Indeed, several neuropeptides (NPY, VIP, somatostatin), calcium binding proteins (CB, parvalbumin, calretinin, neurocalcin), some receptors (m2 acetylcholine receptor), and enzymes (acetylcholinesterase, NADPH-diaphorase, NOS) have been used previously as dSAC markers, but were found to label only small subpopulations of dSACs (Nickell and Shipley, 1988; Briñó n et al., 1992 Briñó n et al., , 1999 Briñó n et al., , 2001 Alonso et al., 1998 Alonso et al., , 2001 Crespo et al., 2000 Crespo et al., , 2002 Gracia-Llanes et al., 2003; Kosaka and Kosaka, 2007) . Because of the lack of complete visualization of axonal and dendritic arbors after immunohistochemical labeling, it is impossible at present to determine whether these neurochemically identified dSACs form subsets of the GL-, EPL-or GCL-dSAC subtypes or whether they represent separate, nonoverlapping subpopulations. The latter is probably true for VIPimmunopositive dSACs that selectively innervate other VIPpositive dSACs (Gracia-Llanes et al., 2003) . In our sample, we did not see any dSACs that selectively innervated other dSACs, but the lack of sampling of these VIP-positive cells is likely to be attributable to their rarity (Gracia-Llanes et al., 2003) . Willhite et al. (2006) demonstrated that viral injection into the glomerular layer of the MOB resulted in column-like labeling of GCs and M/T cells. The axonal arbor of EPL-dSACs could also be seen as another indication of the column-like organization of the MOB. It remains to be seen how the GC columns and the column-like axonal arbor of EPL-dSACs relate to each other in space.
GCL-dSACs mediate a novel extrabulbar GABAergic projection
Long-range GABAergic projections are a well-know feature of many brain regions where GABAergic cells form the sole output (e.g., cerebellar cortex, many nuclei of the basal ganglia) as well as areas where the primary projection is glutamatergic. For example, GABAergic projections from the neocortex (Gonchar et al., 1995) and hippocampus (Alonso and Köhler, 1982; Tó th and Freund, 1992; Jinno et al., 2007) have been described and their functional roles have been examined. In the MOB, glutamatergic M/T cells provide the main output. They receive direct input from the axons of the olfactory sensory neurons and after complex local processing transfer the activity to higher olfactory areas. In the PCtx, M/T cell axons mainly target pyramidal cell apical dendrites and to a much smaller extent local circuit INs. Our results indicate that GCL-dSACs synthesize the activity of the MOB network by sampling excitation from a large number of M/T cells probably associated with multiple glomeruli and therefore may participate in different representations (Xu et al., 2000) . In turn, they then project this information to the same downstream olfactory areas as M/T cells. Revealing the postsynaptic target cells of GCL-dSAC axons in higher olfactory areas will be essential for understanding how they influence the activity of those brain regions. We hypothesize that the selective innervation of local circuit GABAergic interneurons in the PCtx would be an ideal method of synchronizing the rhythmic activity of the MOB with that of higher cortical areas (Laurent, 2002) .
Deep SACs are interneuron-selective interneurons
When the potential functional roles of dSACs are considered, one of the most important issues is determining whether they use glutamate or GABA as the main neurotransmitter. The GABAergic nature of VIP-, NPY-, and CB-immunopositive dSAC subpopulations has been demonstrated previously (Gracia-Llanes et al., 2003) . However, the fact that some juxtaglomerular SACs are suggested to be glutamatergic (Aungst et al., 2003) prompted us to perform postembedding immunogold reactions for GABA. Our EM analysis demonstrated that the axon terminals of all dSACs subtypes are GABA immunopositive and form symmetrical synapses onto their GABAergic postsynaptic target cells. In the last series of experiments, we performed paired whole-cell recordings between dSACs and GCs and found that the postsynaptic responses in six of six cells tested were completely and reversibly blocked by the GABA A R antagonist SR95531. These experiments provided functional evidence for the GABAergic nature of EPL-and GCL-dSACs, and that at least some of their postsynaptic targets are GCs. EM examination of the postsynaptic target profiles of 152 synapses of nine dSACs revealed that M/T cells are not among their postsynaptic targets, but they exclusively innervate other GABAergic INs. Such IN-selective INs are not unique to the MOB (Gracia-Llanes et al., 2003) , as several subpopulations of interneuron-selective interneurons have also been described in the hippocampus (Acsády et al., 1996; Gulyás et al., 1996 Gulyás et al., , 2003 and neocortex (Meskenaite, 1997) .
Novel intrabulbar connections between deep and superficial layers of the MOB
The existence of dSACs with widespread axonal ramification almost exclusively in the GL is one of the most surprising findings of our study. To our knowledge, this is the first description of an intrabulbar connection from the inframitral layers to the sensory input layer. These GL-dSACs receive very prominent excitation from M/T cells and feed their activity back to the GL through the selective innervation of GABAergic PGCs. The classical interpretation of such a connection is that GL-dSACs disinhibit M/T cells. GABA A R-mediated synaptic currents (Puopolo and Belluzzi, 1998; Smith and Jahr, 2002) as well as inhibitory synaptic contacts onto PGCs (Pinching and Powell, 1971a,b; Kosaka et al., 1998) have long been demonstrated. The source of GABA was assumed to originate from other PGCs and superficial SACs (sSACs). Although our results cannot exclude the possibility of PGC-PGC and sSAC-PGC connections, they do reveal a new source of GABAergic input to PGCs. Inhibition of PGCs will not only reduce their inhibition of M/T cells, but will also reduce the modulation of synaptic transmission at olfactory sensory neuron terminals mediated by presynaptic GABA B and D 2 receptors (Aroniadou-Anderjaska et al., 2000; Wachowiak et al., 2005) . Finally, GL-dSACs could also play a role in interglomerular synchronization through PGCs, but this remains to be demonstrated experimentally.
Synchronized oscillatory activity is thought to be important for information processing for many sensory modalities, including olfaction (Laurent et al., 2001 ). In the MOB, mitral cell synchrony is essentially driven by IPSPs imposed by GCs, which are themselves synchronized by their excitatory inputs from mitral cells. The observed rapid synchrony emerges from this precise back-and-forth interplay between neuronal populations (Schoppa, 2006a,b) . Lateral inhibition between principal cells of the olfactory bulb is also mediated by circuits that involve these reciprocal dendrodendritic connections, the function of which may be to reveal specific, discrete patterns of glomerular activation (Urban, 2002) . Inputs, such as dSACs, that influence GC activity will therefore have a critical effect on oscillatory synchronizations.
As in all nerve cells, GABAergic GCs also receive GABA A Rmediated inhibition (Nusser et al., 1999 (Nusser et al., , 2001b Pressler and Strowbridge, 2006) and express several GABA A R subunits (Fritschy and Möhler, 1995; Nusser et al., 1999 Nusser et al., , 2001b Sassoè-Pognetto et al., 2000) . Immunohistochemistry has demonstrated the presence of ␣2, ␣5, ␤3, ␥2, and ␦ subunits in GCs. Kinetic analysis and benzodiazepine pharmacology of uIPSCs recorded from GCs are consistent with ␣2␤3␥2 subunit-containing GABA A Rs being responsible for their synaptic inhibition. Our data demonstrates that the decay of IPSCs is 2.5-fold slower in GCs than in dSACs, consistent with the expression of different GABA A receptor subunits in these cell types (␣1, ␤2, and ␥2 in dSAC vs ␣2, ␣5, ␤3, ␥2, and ␦ in GCs) (Fritschy and Möhler, 1995; Nusser et al., 1999) . Our physiological characterization of unitary connections between dSACs and GCs revealed variable short-term plasticity, and demonstrated that the plasticity depends on the initial P r .
